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AERODYWAMIC HEAT-POWER ENGINE OPERATING OX
‘A CLOSED CYCLE

By J. Ackeret and D. C. Keller
SUMMARY

Hot-air engines with dynamic compressors and turbines
offer new prospects of success through utilization of -
units of high efficlencies and through the employment of
modern materials of great strength at high temperature.
Particular consideration is given to an aerodynamie prime
mover opersting on a closed circuit and heated externally.
Increase of the pressure level of the circulating air per-
nits a great increase of 1limit load of the unit. This
also affords a possibility of regulation for which the in-
ternal efficiency of the unit changes but slightly. The
effect of pressure and temperature losses is investigated.
A genersl discussion is given of the experimental instal-
lation operating at the Escher Wyss plant in Zurich for a
considersable time at high temperatures.

INTRODUGTION

Considerable progress has been made during recent
years in the further development "of the gas turbine; in
particular, the safety of operation has been increased.
so that industrial installations operating on the constant.
pressure process could be taken into operation (reference
1). These installations, however, are for special purposes
such as stand-by capacity of power stations and their ar-
rangement; compressor - combustion chamber ~ turbine, A4n
open circuit with 01l as fuel would not satisfy the re-

Quirements of high efficiency, nor were they able to com-.
pete with steam plants using coal as fuel. There is a

™

"Aerodynamische W&rmekraftmaschine mit geschlossenem
Kreislauf, Zeitschrift des Vereines déutscher Inge-
nieure, Bd. 85, Nr. 22, May 31, 1241, pp. 491-500.
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question, therefore, as to whether and how it is possible
to obtain economies equal to those of best steam installa-
tions without sacrificing safety of operation. The follow-
ing survey seems to show that this object can bé attained
with 1means available today. The present paper discusses
basic relations, and certain simplifications have been

made in the calculatlons preqented therein.

The EBscher Wyss Company, Zuricn, following the sugges-
tions of the authors (reference 2), has undertaken the de-
velopnment and construction of ah experimental installation
of considerable size. This plant is at present in success-

ful operation.
NERITS oF HOT AIR TURBINES

Carnot Cvcle-

If 2 maximun of uechanical encrgy is to be produced
from a flow of heat from a source of high'temperaturc Ty

‘to a. lowor ambicnt temporature Tt,f the preocess is indi-

cated by the Carnot cycle (fig. 1). It consists of two
isotherms AB =2nd .0D .along which the quantities of heat
Qzu and Qab ,are added and removed, roquctlvelJ, and of /

two adiabatic curves for conpressiaon. DA and cxpansion

BC. Its thecoretical officiency
(Ppo=s By dfTy (1)
depends upon the tcumperatures only. The surrounding tom-

perature . Ty ‘can be assuncd: at 300 -absolute even; the
naxinun tonmperature depocands on: whot ier the cycle takes
place periodically as in 1ntcrnal cozbustlon uﬂ”anS and
constant—Voluno turbines, or as "5 stoa 2dy process as in
stean turbinces and in constsnt—pressure gas and hot-air-

- turbines. *W¢ shall consider’ ¢ycles with steadily changing
conditions; -therefofe,-the temperature Tb fust be- chosen
low enough so thet tho constructlcn atorlals w111 stand

up undocr- londs fron prcssure, contrlfugql forces, etc., and
give adéquate safety of oporatlon,

. LOu ug -assune as Raxinun uor*por-\tur1 ‘for this casc,
1000° C absolute {cqual tg 1268% F). This .lends to '
Ne = 70. perCont. It follows that a.védy . good cfficiency
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can be obtained with temperatures as they oceur - for in-
stance, in furnace construction - provided it is possible
to keep the deviations of the actual cycles from the Carnot
cycle low.

: The obstacles to realizing the Carnot cyclo in prac-
tical process are well known; this would require a ten-~ -
perature increasc from 300° to 1000°% ¢ absolute through

'adiabatic compression; for diatomic gases this. corre-

‘'sponds to compression ratio of 67.5. Inssmuch as the cy-
cle roguires an additional isothermal compression - that
isy with a coumpression ratio of 4 - the cycle would re-
quire an over-all compression ratlio of 270. It is evi-
dent that a dynamic compressor for this pressure ratio and
the high final temperatures would causc great difficultics
in construction.

The steam-turbine eycle, in a2 long development, has
gradually approached the Csrnot cycle. Heat is added es-
sentially during isothermsal evaboration of the working
fluid and removed during isothermal condensation. Further-
more, it has been possible to effect a compensation for the
nonadiabatic heating of the water in the bouiler through
feed water preheating with bleeder or exhaust steam in such
a way that no impatrment of efficicney occurs. Unfortu-
nately, the vapor prossures of the water at high tempera-
tures are so high that the high temperature Ty, of the
Carnot cycle must be held rathcr low. It is well known
that superheating doces not help much and that the effi-
ciency can. be improved only by plants with several differ-
ent working fluids (reference S? {mereury, diphcnjloxyd

'(refercnco 4) etc.)L

The steam cycle, which has the.great advantage o6f none
mechanical compression, has largely arrived at its natural
limits. For gases, in particular for air, no such obsta~
cle exists, High temperatures are attainabdle without re-
quiring high pressures. Hence the temperature Iimits of
stresses of the structural materials may bde approached

without necessarily approaching the pressure load limits.

This means, however, that the cycle must be different from
the Carnot cycle. While it is possible for a given pres-—
sure ratio 1py/pg. to choose the initial pressure pg
wlthout sffecting the efficiency so low that the final
pressure pp remains acceptable (this requires a closed
circuit), this rewults in such a deccrease of energv transg-
fer pcr pound of working fluid that the size of tho in-
stallation becomes excéssive compared with its capacity.
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SRS Doubdle Isothermal Gycle
‘It is of intorest to note that for’ hot ~ailr plants
there is a cycle fully cquivalent to the Carnot cycle
which operates with moderat° pressure ratios and with mode-
- érate absolute pressure. This cycle requires a process
of heqt exchange which is closely related %o the process
of feed-water prcheating, by which the steam cyecle is ap-
proximated to the Carnot cycle as discussed above. TFigure
'2 shows the temperature entrop; diagram of thls process.

Thé isothermal compression takes place along CD.
Heat is added at constant pressure along DA. The addi-
- tion of heat takes place in a heat exchanger in such a way
that the heat given off from B' %o OC' in thé optimunm
casc is exactly equal to the heat required for increasing
the tempcerature of the same weight of air from D' to A
by the same number of degrees. The heat of the fuel is
then to be transmitted to the machine from A to B 'at
constant temperaturec TH' SlDCG the encrgies of isother-
nal cownrcs31on or expansion for cgual pressurc ratios
sTC proportlonal to the absolute tomporrturcs, the quanti-
tigs of hCut addcd and removcd at Ty  and Ty, respec-
tively,- arc in the. same -ratio and conscquently, the effi-
Ccicney . is.equal.to.that of the Carnot eyecle (equation (1)).

‘fﬁfuiQQ':qstailaEipn with Closed Circuit

LhO aéaitlon of neot along an isotherm naturally: c AN —
not be roalized, howevor, in this Lnlform manner. It will
have to takc place, like the compression, in individual
groups of stages (a) (fig. 3). It appears likely that op=~
eration and’ constructlon will demand further deviations
from the. 1dea1 case.” Tne number of groups of stages will
"have to. be limlted to two or thrée, in each of which there
'“w1ll be a con316erable adiabatic change of pressure. It
will also e necessary to heat the air upstream of the
first turbine in an air heater (e), since the required full
temperature increase in the heat exchanger (g) will not be
realized. This makes it necessary %o examlne'csrefully
what the effect of these dev1at10ns will De upon the effi-
ciency; in particular, it will be necessary to study. the
magnltude of the ind1v1dual 1ossos.

In addition3to"purelyffhérmo&ynamic'merits of the hot-
alr unit as compared with steam installation, considera-
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tion must be glven to a large number of factors of practi-
“eal lmportance. Eliminstion 6f the  -feed water-and its
purification equipment, and decrease of cooling-water re
guirements to a fraction of that required for steam con-
densation lead to essential simplification of operation.

LIMIT LOAD OF THE CLOSED-SYSTEM INSTALLATION

It 1s frequently stated that the gas turbine, perhaps
on account of its high temperature and its relatively small
number of auxiliary units, might be expected to have es-
pecially low unit weight. PFrom this it is concluded that
this might make it applicable for use in ships or air-
planes., This 1s not necessarily the case for present-day
‘installations operating intake and exhaust of the working
fluid at atmospheric pressure. The low circumferential
speed of the last stage which is limited Dby -high final
temperature and the low axial velocity necessitated by
these low circumferential speeds, the small weight of gas
handled and, above all, the small heat drop per unit
weight -~ 211 of which are inherent 1in these gas or air
cycles - contribute to render the limit load of a single
pass instnllation relatively low. It wmust not be forgot-
ten that the power of the compressor is of the order of
1/3 to 1/2 of tkhe turbine capacity (recference 5)* when
computing the l1imilt load of an open-system single-pass
unit., OCn the basis of feoasible assunmptions it can be
. shown that great difficulties would be encountered to reach
at 3000 rpm cven a 10,000-kilowatt capacity. For contral
station capacities this would require numerous units. Even
for ship installations the required number would be coxces-
sive, ,

Because of the rate of excess air required for inter-
nally fired gas turbines, large areas of exhaust pipes
are required, which are most undesirable, particularly in
nonstationary plants, Basically heated parts of large di-
mension should be avoided because they require large guan-
tities of speclal materials. Space requirements are also
quite. important. For the open- system cycle an improvement
can hardly be expected “but it appears quite p0581b1e that

For the combustion turbine described by Stodola (refer—
ence 5), even 74 percent of turbine shaft output was re-
gquired for the compressor.
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for the closed cycle the limit load may be greatly extend-
ed by ‘increase of the pressure. It can be seen from fig-
urc 2 that the efficiency is_indepbndent of the absolute
prossure. This suggests that if the lowest absolute pres-~
sure which occurs in the cycle - hereaftcr referred to as
‘the pressure level - be incrcased to scveral times its
valuc, thc absolute pressures will risc in the same ratilo
sincoc steady-flow machines producc, or require, the same
pressurc ratio as long as the speeds are the same.

Efféct of the Precssure Lovel uponﬂﬁhe Dimensions
The following assumptions are madep

(a) The turbines as well as'the compressors are de-
signed geometrically similar (equal number of stages,
blade angles, ete.).

(b)<jThe,temperatures at given points of the eycle
are to be constant; likewise, the'velocities at corre-
sponiding points are to be equal.

(¢) Neglect the effect of Reynolds number upon the
pressures of turblinc and compressor.

Let the design of a compressor, air heater, turbine,
and heat exchsnger be given for a pressure level Do =
1 atmosphere absolute. Then let the pressure level be in-
creased, for example,. to .p* = 9 atmospheres absolute.
Since the ratio of the weight of air handled by the com-
pressor and turbine for equal .inlet and outlet tempera-
tures and equal velocities are proportional to- D? P, we
have

P =]
D¥® p* = Dy” po

Do 174 - ) )
provided the horsepower remains the sanme. D* and Do de-

note the diameters. TFor the following considerations let
us assume a pressure .ratio =z = p*/po = 9,

or

Sance the blade velocltv of the rotating parts must
be the same, the rpm increase’. R : :
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. D, . 5
BT = Do p¥F % no,JG' B (3

for =z =9, n¥* = 3 n,. Thé diameter of the inlet and Out~
1et pipes fpr the axial length of the unlt are decre ased

to 1/ % = 1/3. The wall thicknesses o6f the pipes will
increase because of higher pressures to ./ z times. the
original, assuming equal stresses. Inasmuch as the diame-

" ter decreases to 1/ z, the actual incréase of wall.
thickness is VFES. Consequently the weight of the'pipq
unit length remains the same. The width of the flanges

are ,/ z times larger; their thicknesses remain the same,

Consequently their weight does not change. For blind
flanges the thickness does not ckange, hence the weight
becomes z times smaller. The torque of the machines do-

creases to 1/,/z of the former, which would allow for a

D s S R

=,
G

decrease of shaft diameter to 1/%/z = 0.70. Assuming
perfect similarity, the welght of the runner would decrease

to (1/./%)% = 1/27, on account of the decrease of torque
to 1/./z only the weight of the runner would actually be
a little higher. '

Comparative stresses from centrifugal force are for
geometrically similar bodies and equal circumferential
speeds the same; bending stresses of the buckets, however,
are z times higher since for strict similarity there

corresponds to a bending moment decreased to 1/ /2 a mo-

ment of inertia diminished to (1/,/z)°. It follows that
if the bending stresses are consideraole as compared with
the centrifugal stresses, it will be necessary to strength-
en the roots of the blades.

The thickness of casing walls must be increased by z;
- since the length of the casing, however, decreascs, the -
weight .goes down to approximately  1/,/Z of the original.
Since the critical speed of similaf rofors increases
as v[;’ the ratio of operating speed to critical speed
according to equation (3), again isthe same. It will be
necessary, of course, to deviate from strict similarity in

many details in consideration of blade stresses, seals,
etec, Yevertheless, the basic fact remains as a conclusion
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of the foregoing consideration. that casing diameter and
length may be reduced to a fraction of their dimension for
the open ecycle. Thls statemecnt is of declsive importance
in favor of design of air turbines of large capacity. TFor
it is. possible,..instead of .decreasing. the dimensions for.
equal. borsepower in comparison toc an open installation,

to affect a considerable increase of the limit load for
given dimensions. . Numerical computations -show that an in- ;
stallation for as high as 50,000 kilowatts capaclty at ..
3000 rpm can be bdullt as 51ng1e -pass units Yor safe opera-
tion. Since for double~pass arrangement, no insuperabls -
difficulties appear to exist, it may be said that- hot-air
prime movers with a closed cycle, even for the larzest
canac1t1es, will remain within conventional dimensions,

Effect of the Preésﬁre Level upon the:Efficiéncy

The efficienCy of steady flow machlnes generally in-’
creases with increase of Reynolds number. In the case
under -discussion, Reynolds nunber increases in spite of
decrease of the size of the units. ©Since the kinematic
viscosity v = u/p, varies at constant teiperatures in-
versely proportional to the density p, (the absolute
viscosity W Dbeing a function of the temperature only) -
and in this case, consequently, inversely proportional %o
the pressures, it follows:

* W*D* o 0 o] "/--Z— ,»= WODO "/ - - (4)

<
*
IS

where - w* . -and- W are velocities. In ocur case, conse-
o gmai. * 0, . '

guently, Reynolds number Re i's three times as large as

Re,. : ' s

Naturally, Réynolds humbor affects the internal effi-
ciency Ty ‘only, which does not include the bearing frie-

tion. The internal eff1c1ency conblnes the effect of many
different losses, These cannot be analyzed in detail, but
we have found in our eXxperience the following method of
estimatiofi to lead to practlcable results:

A part of the internal lossées (1-- a)' will be referrod
to as "1rreducible," - that is, independent of Réynolds nun-
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ber.  Losses of thig type are kinetic leaving losses, loss-

e from ma jor roughnessd, lesses from variation in the disg-

tribution of circulation (indueced losses), leakage ‘losses,
ete. The remainder a is "reducible" in the range of
Reynolds number encountered in medium-size steady—flcw ma -~
chines for handlihg gases; these losses, caused by sk kin
frlctlon; vary spproximately as the turbulent plate and
disk friction coefficients, nsamely, 1/%/Fe. TFrom this is
deduced the following relation for the internal efficiency‘

1 (1 - a) + A (5)
1 - 'ﬂio ° 1?,/?;

The more that steady-flow machines are inmproved, the
larger will be the portion a of the reducible losses.
Consider an example:

fiy, = ©.86, a = 0.7, 2 =9

It follows that T3 = 0.88. Since it is woll known that
the over—all efficiency of the installation depends great-
ly upon the efficiencies of the units, such gsin naturally
is most desirable. It is necessary, of course, that the
ctlearnnces be chosen sgmaller to correspond to the smaller
dimensions. Bearing friction decreases on account of the
smaller rotor weights in spite of higher peripheral veloc-
ity.

Influence of the Pressure Level upon the Heat Exchanger

Of particular importance is the influence of the pres-
sure¢ upon the dimensions of the heat exchanger On both
sides, of the exchanger surface thero.is gas, consequently
both heat transfer coefficients increase as the pressure

- 1s increased. The coefficient of heat conductlon of the

metal, of course, is not affected. With the. increase of
maes dens1ty there occurs an increase of the pressure
drop in the heat exchanger. . . :

In connection with this sspect, it must be kept in

mind that heat transfer and friction associated with the

flow of gases through tubes are closely interrelated, in-

asmuch as the same turbulent process causes the trans-

port of momentum as well as of energy (heat) (reference 6).
Hence the tests have gshown that the process takes place
in the. range. of walidity of .the Blasius”gquatlon It is
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logical to use this .equation and the heat~transfer equation
resulting from it. The pressure drop is given by T

k

op =_;ﬁ§%%-—g§' Wi . (‘6:)'
where
.kl is 'a constant
1 length
D dinmeter
Y specific weight
g acccleration of gravity

w velocity of flow

Using the analogy between shear stress near the wall and
heat transfer, the heat transfer coefficient is given by

Y w oep

0.<5
Re

(7)

a = ky
where k, 1is a constant and Cp is specific heat for con-
stant pressure. The values relate to the mean portion of
the heat exchanger.

.- In the case under discussion, a particularly simple
solution is obtained for the case that Reynolds number is
kept constant through decrease of the tube diameter. This
requires decrease of the diameter of the tube to 1/z of
their former size. This would make it .so small that oper-—
ntion with clean air only is possible. Internal combus- .
tion therefore is out of the question. TFor equal velocity
w the heat transfer coefficient =a 1is proportional to
the mass density and consegquently alsoc to the pressure.
The total heat transfer surface thereby is reduced to 1/z.
The pressure drop is the same percentage of the pressure
level, € = Ap/p = constant, oprovided 1/D is kept the
same, or provided the length of the tube is reduced to the
l/z portion of the former. The surface of the tube dun-
dle headers is likewise reduced since the number of tubes

. . 2
per unit area increnses as 2z - The diameter of the ex-
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changer consequently is-reduced to 1/4/z. The wall
thickness of the tubes must remain the same; since the
"pressure differenee from inside to outside increases to

z times the original, this requires slightly more space.
Nevertheless, even so, the difference of dimension is .
striking. The result is a consequence of the increase
of pressure as nmuch as of the use of smaller tube diame-
‘ters. The welght of tubing goes down to 1/z of the
former because of reduction of surface. ' Such a great re-
duction, of course, might not be used in early installa-
tions, but the small tube diameters may be found suitabdle
for nonstationary applications.

If the tube diameters are kept the same, the dimen-
slong are not reduced to such great oxtent dut even then
the advantage of a higher pressure level remains consider-
able if the heat exchanger is varied in such a way that
the tube diamcters remain the same (D* = Dy) and, fur-
thermorc, 1f tho percentagoc of prossure is kept the same
€ = Ap/p and the temperature difference constant, the
dimensipns and numbers of tubes ' x are derived from the
following relations:

1. Constancy of the weight of gas flowing per unit
time.~ For equal pipe diameter, the weight of gas per unit
time ig proportional to the veloeity w, the number of
tubes x, and the specific weight Y, hence proportional
to the pressure p. This is expressed through the rela-

tion
| w* ‘x* p* = wo Xy Do
b or . . L ‘
1. . whx* . 1 .
| = 2o . (8)
[ - = 2o . =
WoXq o PF z : o

2. Constsney of the. percentaze of pressure drop
€ = Ap/p.~ The Reynolds number Re = wdp/u is in our case
proportional to the velocity w and the pressure 7p; the
percentage of pressure drop is obtained from equation (6)

: 2 ,
= 4p . . e SOV O & pT0-25 y1.75
ko) <Wde_0.25 D zg P '
n

w‘,—~.q~_

e T

SR

This leads to the.followiﬁg.condition,for_constanﬁ ratio ¢

*""04»35 w*]..'?S 1 ¥ —0.25 01.75 7’0

;E : P = Pg W

or
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1.75 l*’ ' oimB : . :
(Wo .  i; =z 77 . ) (9)

_;3. Gonstancv of presgure differencé’ AT for ~eguanl
rate. of heat transfer.— From the cendition a*F*'—‘aQFO;
where F* anad F, denote the areas of the ‘heat exchanger
and equatlon (7) 1ead to

>}<O.75 *0.75 * % 0,75 Qe 75
w 1
or 0.75 _a 0.75 ' '
. 1 o\ O R . .
<%_ ___E_:_ Boy o 1 (10)
1y %o z o

and from equation (8)
; . ‘ < .
Wo = W X = Tf ) .(ll)

*
*

It is seen that the number x#..of the tubes 1is greatly di-
minished, but they must be longer than according to (9):

*
L . go.25
1’0
for z =9 1% = 1.73 1,. Since the wall thickness, theo-

retically, must increase to 2z times its former value,

the ratio of weights would be 2°-2®., Actually, of course,
it is utterly impossible to dbuild the exchanger for open-
type installation with correspondingly thin walls. The
wall thicknesses of commercial tubes are adequate alsoc for
higher pressure, consequently there would be a saving in
weight when going to higher pressures with the assumptions
msde uander 3. ' '

Effect of the Pressure Level upon the Air Heater

The air heater isan additional piece of equipment
which is required by the closed type of installation; it
takes the place of the combustion chamber of the open-

type installation. On the side on which combustion btakes
place there is atmospheric pressure unless the combustion
chamber is supercharged through a unit consisting of com-
pressor and exhaust-gas turbine similar to that used in
the Velox Dboiler (reference 7). This variation of desig
which perhaps is of importance for marine installation,
will not be discussed further. The air tubes are arranged
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around the combustion chambér and receive heat by means of
radiation and boundary-layer heat transfer. An increase

of combustion-chamber pressure would reflect favorably

upon increase of the heat-transfer coofficlent and decreasse
upon the mean tube temperature, particularly for radiation
from high-temperature flames at heat-transfer cosfficients
on the fire side arce very large: It is therefore vory ad-
vigsable that the heat-transfer coefficicnts for the in-
sidc of the tubes be incrcased by constant velocity as

20475, In the limiting case of infinitely high hecat-
transfer coefficicent on one side, the same rolations apply
for the decrease of dimensions as derived for the heat
exchanger. This casc obtalns with close approximation

for tho intercoolers of the comnpressor which has much
larger hcat-transfer coefficients on tho water side than
on the air side. Aside from this, heat-transfcr processcs
in the air heater ~rc so complicated that little headway
is made with simple similarity considcrations. A detailcd
computation of air heaters of widely different capacity on
the basis of data obtained from operation of the experimen-
tal installation shows clearly thest it is possible through
the use of = h15h pressure level to arrive nt smaller di-
mensions of steam generators for equal capacity.

Proper utiligation of the heat content of. the combus—
tion gases leaving the heater, which on account of their
high-inlet temperature of the air Vntcrlng from the heat
exchanger have themselves a very high temperature, is of
prime importance. This may be done by means of an air
preheater which operates approximately at atmospheric pres-
sure on both sides, ~nd therefore is not affected by any
increase of pressure in the closed-type cycle. 1In the case
of supercharging of the combustion chamber and expansion
of the combustion gases in a specisl turbine, the size of
the preheater would naturally be reduced. 3Basically, it
would be possible to utilize the heat of the combustion
gases down to the dew point. For low rates of excess air,
which is always the case in the process under discussien,
the dew point lies at abdout 40° to 50° C. This consti-
tutes o loss of a few percent of the heat value of fthe
fuel, so that the preheater efficiency is predicated es-
"gentially by -incomplete combustion, radiation, and auxil-
iary machinery. Radiation losses cannot be neglected in
comparison with steam installations on account of the ap-
preciably higher temperatures. Fortunately, the use of
higher pressure levels leads to such a reduction of the
surfsce that radiation losses sre diminished to an accept-
able figure.




‘14 WACA Technical Memorandum Noi 1034

'REGULATION OF OUTPUT BY MEANS OF VARIATION

o? PRESSURE LEVZL

-One of the most difficult problems in development of
A now prino mover-is the desizn of good efficiencies at
part load. In the open-type cycles of prévious installa~
tiong, this is rendered difficult because even moderate
varintions of the efficiencies of compressor and turbdine
for small reduction of the temperature result in a pro-
nounced decrease of over-all efficiency. TFor constant
speed, it is not possible to regulate the open-type ma-
chine without moving the point of opcration along the
characteristic performancc curve. If it is located at full
load in a high-efficicney region, it is apt-to move into
onc -of lower cfficiency. Thc eclosed-type eycle renders
possible a simple means of rcgulation through variation of
the pressure level, which producss a variation of the wecight
of air flowing. Thereby the temperaturcs do not vary at
any given place, a1l velocitics remain the ssme, the point
of oporation roemains fixed on the performance characteris—
tic, and no change of the relativc angles of flow through
fixed and moving rows occurs. By this mcans, a rcgulatioen
is obtaincd -which produces high officicncics cven »t small
output. Haturally, for very small loads therc is a pro-
pondcrancce of bearing losscs and of the rocquircmonts of
auxiliarics. . Test rosults thus far obtained prove that

the ovor—sll -cfficicncy of the .installation is gquite satis~
factory a2t part loads .ot -which cfficiencics of open-type
installations arc no longer acceptable.

Rogulation through varistion of the pressure lcvel;
and st tho same time -of .-the weight of air in circulation,
is inherently applicable for relatively slow.variations
of load.. TFor -short-time load. variation, it 1s necessary
to comblne pressure regulation with temperature or throt-
tle regulation. This combination presents a number of
theoretical and practical problems which will be presented
on a later occasion.

OPERATION WITH GASEOUS AND SOLID FUZL

Gaseous fuels when used in the open-type process, op-
_eratlng with' 1nternal combustion, require cooling and in
some cases dust removal befére their comnr9331on. In-:
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closedwtype installations with external combustion, no pre-
cooling-is required, nor 1s a. gas compressor necessary.

" The installation is less sensitlve to solid matter carriled

by the gas. Much more difficult is the use of solid fuels
in gas turbines with internal combusticn - for instance,
pulveriged coal; in this case, problems of deposit and of

‘wear in turbines and in the heat exchangers must be met.

Ls compared with oil-fired installations, the external
combustion of pulverized coal presents new requirements.
These are related to those from a steam-generator technigue
and can -be met rather easily. If it becomes possible to
utilize pulverized coal for the operation of aerodynamic
prime movers at efficiencies pronounced as attainable in
the following paragraphs, it is beyond doubt that this
prime mover represents an exceedingly economical power
source for large capacities. &s an alternative, it is sug-
gested that solid fuels be subjeected to a cracking proccss
in gas generators, snd that the gases then be burned in the
2ir hecater. :

DEVIATIONS FROM TEZ DOUBLE ISOTHERMAL CYCLE

In investigations and comparative studies of gas-
turbine processes, frequontly ideal cyclces only are stud-
ied without consideration of losses, or the losses are
considered only in a cursory manner. Generally speaking,
however, such losses as are caused by incomplete engrgy
interference in the machines, pressure losses in the equip-
ment and the pipes, heat losses through incomplete waste-
heat utiligation -~ these losses are of such importance that
they become a decided factor for the choice of one or the
other system, : '

We shall discuss, therefore, in the following para-
graph also the cyclesg devianting from the doudle isothermal
cvele, The magnitude of the individual losses will be
chosen in accordance with the present state of development
of engineering practice.. It will be shown that the losses
resulting from the flow of the working medium and the heat
losses alter the situation,as compared with the ideal cycle,
profoundly. Our present knowledge of pressure losses and

‘of heat transfér derived from sinilarity relations (refer-

ence 8) relate to very rellable numerical results. It is
of particular interest that the aerodynamic prime-mover
instnllation is particularly easily analygzed theoretically
in cgntrast to other prime movers {(internal-combustion en-
gine). ' ' o
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Oysles without Conslderﬁtlon of Lossecs

If he(t is to be convcrted into mechanical energy in =~
'contlnuous.process taking placc between two tenmperatures
T,- and T, and pressures p, and ©py; any of a nunber of
" ecyeles nay be chosen, of which the most inportant ones arc
shown in figure 4.* Oycles II, III, and IV represent inter-
nediate solutions for the purpose of approx1nating the dou-
ble isothermal cycle I. Let us assume an ideal working
gas (air with constant specific heat c ) complete wasto-
heat utilization through hoat exchange, and neglect losses
in the machines. For closed~type cycles ©p, . and ps -may
have any value for open-type processes, 'p, is nearly cqual

to the atmospheric pressure.

Cyele I

Compressien ©CD and oxpansion AB of the working mo-~
dium between p; and p; takes vlace isothermally. o
heat is rcmoved during compression CD. Heat is added from
the outside only during expansion AB in the turbine.
Heating DA from T, =T5; to T, takes placc completely
through heat exchange. As shown above, this cycle has the
same efficiency as the Carnot cycle (equation (1)), hence
the hlgnest efficiency poss1b1e be+ween two limits of ten-
perature T, and T,.

Cycle II

The working medium is adiabatically compressed in the
compressor from Tz, ps to T4, Py, line CD. Through

addition of heat from the outside the gas is heated from
Ty to T; =along pp; thereby the heat exchange DE with

the stream of the working medium expanded to D, - supplies
the quantity of, heat for the temperature rise from. T, to
T,, and the heat added from the outside BEA causes the
‘temperature rise from ,Té "to T;. Adiabatic expansion
from T,, p; to T,, Ds; takes place in the turbine
along AB Dbefore entering the compressor; point C, the
working medium,. is cooled in a closed-type cycle from T,
to T3 along FC. For the open- type cycle, new air is
taken in from the atmosphere.

. *Instead of using an entropy diagram, use may be made to
advantage of the thermodynamic potentlal according to
Colombi (reference 2)
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Cyecle II

Here the gas expands in the turbine along the isotherm
AB, during which process heat is added from outside to the
working medium, The temperature increase DA from T,
to T, 1s accomplished completely through exchangce of the
heat rejected by the turbine. The comprossor is the samc
as for cycle II., After expansion and after the exchange
of heat BF at ©p, has taken placo, the gas is cooled
from T, to T, along FO.

Cyele IV

The gas expands adiabatically from T3, pip to Tz, p2
along AB. Howevor, isothermal cowmpression CD from pg
to p, takes place while heat is removed along T,. Heat
is exchanged along 3BC and DEZ Dbetween the streams of

gas. Then follows the heating EA through heat added
from outside.

Pigure 5 shows the thermal efficicncics N of the
four basic cycles as a function of the pressure ratio
P./Ps. It is computed from the ratio of the useful work
AL to the heat added fron outside Q, where A 1is
Joule's constant. The useful work is equal to the differ-
ence between turbine work ALp and compressor work AlLy.

The heat added, Q, is for complete exchange of heat equal
to the turbine work ALp, consequently

ALy
= 1 = — . (12)
n ALg

The besiec relations for the work of adiabatic con-
pression reads: :

K—
X a . ' pl \ Kl-l . ' .
, ‘ ALvad = Cp TS [ (-p—;'} - 1 J (13)

. and for the work of isothermal compression

1n 22 (14)

L = AR T
A L A 5 .

for adiabatic turbine work

A
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K-1
o . - Dy . K '
L' } =3 T X - .—---> 5
ALp o = eg Tyl 1 o _ (15)
snd for isothermal work
ALy, = AR T, 1n 2% : (18)
is : Po

where R is the gas constant and K .is the adiabatic ex-—
poncnt. The thermal efficiencics for the four basic ecy-
cles, according to figurc 4, aroc derived from cquations
(12) to (16), as follows:

T
Ny =1 - = (17)
I i
Kol
T (p1> K
= 1 - =2 (= 18
NIz 7. \p. (18)
K1
)" -
: Ts & Pz
Mizr =1 -5 %3 5 (19)
. . >
P
T 1 ln 5>
- 3 k- 2
My =t -g T T _ AL (20)
K
1 - Bl)

For cycles II, ILI, and IV, the efficiency depconds,
in addition to the temperatures, upon the pressure ratio
only - not upon the absolute values of pressures. For
cycle I, it is also independent of the pressure ratio -
"being equal to that of the Carnot-cycle efficiency Ne -
In appraising the various cycles, it is not sufrficient to
consider the efficiency only, but it is important to know
the value of useful lonad obtainadle per unit weight of
the circulating working medium, which varies from gas to
gas. In consideration of the dimensions of machines nng
pipes, it is desirable to realize a high specific output
per kilogram per second together with a high efficiency.
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A Pigure 6 shows, for instanee, the efficiency plotted
‘against the avallable output per 1l kilogram of air per.
second. In cycle II, operating with adiabatic compres-
sion and expansion, l kilogram of circulating fluid per
;i second produces only 95 kilowatts of useful work at
%j N = 0.62, whereas cycles III and IV -produce 2058 and 184
: kilowatts, respectively, that 1g, twice as much.

. . Oycle II deviates most from the double isothermal cy-
cle, but it may be put into 0peration with the least ex-—
renditure of machines and equipment since neither cooling
during compression, nor heating during expansion in the
turbline need be provided. This process is approached in
presént-day constant-pressure gas turbines with 1nternal
combustion, open-type cycle, and heat exchange.

Multistage preheating of the working medium, as re-
quired when approximating eyecles I and III, will encoun-
ter considerable structural difficulties. Particularly,
for the open-type process, the admission and exhaust pipes
of the hot gases for ths individual turbine stages must
handle very large volumes. The intermediate combustion
chambers alsgo require much room. The last highly stressed
turbine stages with long blades are exposecd to high ten-
peratures, likewise the heat exchanger.(fig. 12) which,
therefore, must be constructed of special materials.

Compression by stages to approximate cycle IV by
means of intermediate cooling at the lower temperature Tj

in intorcoolers 4 (fig. 3) is coumparatively much sim-
pler, It is frequently uscd in industrial compressors
(reference 10). The high tempcoratures are already reduced
in the turbine; the heat exchanger g, thercforec, receives
lower temperatures. Furthermore, cycle IV is not theooret-
ically inferior to cyecle III. Heating in the intermediate
heater f during expansion in turbines.- b naturally can
also be employed, for even one stage will produce a defi-
nite effect in approximating T to the flow TN, (fig. 5).

Cycle IV with Consideration of Losses

b

S EE

i ey

The bas1c cycle IV with compression CD closely ap-
proximating isothermal conditions and with adiabatic ex-
pansion AB (fig. 4) has been chosen because it offers
8 possibllity of approaching most closely the double iso-
thermal cycle I by means of methods of construction which
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are already relatively well developed. -Corresponding con-
siderations may -be applied to the analysis of any of the
other basic cycles. T .

The ideal cycle IV W1th constant specific heat Cy

has for the case of complete hocat exchange the cefficicney
Niy, according to equation (20).

When considering losscs in the machines by ncgloeeting
pressure and heat lossces, the efficiocnoy for completo hoat
cxchange is

=]
[v]

ALy AR T. 1n

ﬂv s
Mo =1 T inon. < 1 - ' K—1
a T

L

@)
2
where ﬂT' is the efficiency of adiabatic expansion and

My is the efficlency of isothermal compression. When
substituting AR = ep - ¢y (reference 11) and Kk = cp/cy,y

|

ke’
©

(21)

Nfvepts

where c¢; 1s the specific heat for constant volume, we
obtain from equations (20) and (21) the following:

_ 1 - Ty

e Ty (22)

Mo = 1

The gas cycle for isothermal compress1on takes place ac-
tvally as shown on figure 7.

On account of pressure losses Apy on the low pres-

sure side of the heat exchanger g and in the precooler

¢ (fig. 3), and on account of pressure losses &p, on

the high-pressure side of the heat exchanger g and in

the gas heater e* as well as pressure losses during com~
pression, the compressor has to operate between pressure
ps" = pp - Apz and pressure p," = p, + Ap,. Furthermore,
there is a temperature difference AT Dbstwecen the two
streamg of air required at any point of the hecat exchanger.

If isothermal compression is to take place at T, then
the low-pressurc strecam can be cooled down only to T, +
AT, point C'; ' on the other hand, the high-pressurc
strcam can be hecated only to Tz' - AT, ©point E'. The

* . . . . N . .
The installation undoer consideration is withoubt intor-
cooler 4 and intermodiate heater f.
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smaller AT, the smgller is the heat loss associated with

: it (heat rejected in cooling water, excess heat required
. for external heating).
3? Efficiency of Cycle IV

A numerical estimate of the actual Pprocess with ma-
chine and exchanger losses now becomes possible. The over-
all turbine work is
The compressor work

1 AR Tg p, "
ALy w— = - 1n = (24)
the heat added
Q= ep [ﬂm (T, - T5) + ATJ (25)
The efficiency of the cycle with losses then is
' f
ep(Ty - Tp) Mp - == AR T, 1n 3
nv p'_u
n = z (26)
cp [(T, - T5) Mg + AT]

When introduecing € = Ap,/p, and €, = Ap,/p, :
and assuming pressure losses Ap small compared with ab-
solute pressure p, which assumption appears permissible:

p," P (1 + &) _ p
. 1n-—£ﬁ = 1n ——u 1o % 1n =>4 €, + €, (27)
pg pz(l - 62) . pa
1;‘ Furthermore, for the actual case, AT is small compared
L with the drop temperature in the turbine (T, - T,)rqp.

o Let 8'='AT7(T&‘¥'Té)ﬂfi*“tfangfdrm,”dsing'equations (21),
(26), and (27), »nd obtain:

_Me (1L -m) (e +€)
NET T T @ ) 1 eiee n?fl - Y (28)

R
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whore

S S 1') (e + 6'2).

g = 8 + - no - (29)
1 + 8 (1 + 8) 1n pl/pg
it follows from cquations (22) and (29)
- €, + € (30)

6 +
1+ 6  [MgNy/(1-Ny) - 1] (1+8) 1n »p. /p,

The quantity ¢ indicates by how much the valuc T, is

decrecasocd beccause of the over-all tempersture and pressure
losses, The first term stands for the effect of heat loss-~
es, the second term for the effect of pressurc losses.

Zguation (30) shows the magnitude of the various
sources of losses. Numerical conputation reveals that a
nearly complete.heat exchange with small tecmperature dif-
ferences AT . is imperative for obtaining high over-all
efficicncics. : '

schunlly, ¢, for air varies, particularly with in-

creasing tempcrature {(rofercnce 12). This has becen taken
into account in plotting figures 8 to 10. In these figures
assumptions have becen made in regard to pressure losses ¢
and temperature losscs AT, which arc in accordance with
feasiblec practical values. The thermal efficiencics of the
actual cycle IV have been plotted for various pressure ra-
tios ©p;/pz for the case of two-stage intercooling 'in the
compressor and complete expansion without intermediate heat-
ing in the turbine. Good internal efficiencies of the nma-
chines, nTad = 88 percent, ﬂvad = 85 percent for each

group of stages have been assumed. The ideal cycle with-
out losses II and IV shows a decreasing efficiency with
increasing pressure ratio p,/p, (fig. 5). The losses,

however, change this situation in such a fashion that

for increasing pressure ratioc there is an increase of .
efficiency at first to a maximum (figs. 8 %o 10). With
further increase of the pressure ratio the efficiency
drops steadily. In the region of maximum efficiency the
curve is rather flat for practical coanditions. In actual
installations, operation would take place for pressure
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ratios to the right of the maximum singe very small values
D, /p Pequire too large quantities ¢f air, .The stipulat-

ed pressure ratios of approximately 2 to 4 are the Gery
ones sultable for the design of the machines since they re-
sult in few stages and small dimensions.’

The values of figures 8 to 10 do not include the loss-~
es for radiation and friction, waste gases of the air heat-
er and the encrgy regquired for auxiliaries. They indicate,
however, that the utilizatien of the fuel of such a plant
can be higher than that of steam-power plants. For larger
installations, where secondary losses become relatively
small, they may approach the values of: the Diesel engine.

As a matter of interest, an estimate is presented. on
the basis of designs which may be feasible in the near
future and under considerations of improvements in design
and in the technology of construction materials giving
the fuel consumption for larger installations of 10,000
kilowatts and more., Table I contains figures on which
this estimate is based,

TABLE I
Estimated Performance of Installations of 10,000 Kilo~
watte and More on the Basis of Engineering Practice Feas-

ible in the Hear Futurc.

Compressor with Two-Stage Intercooling

Alr temperature t, at turbine inlet, °¢ . . . . . . |750
Adiabatic turbine efficiency nad _
per stage group, percent . . . . . . . . . . .. . 92
Adiabatic comprossor efficicency Nad .
- per stage group, percent . . . . . 4 . e e e e . . 89
Inlet temperature ts of the compressor, °¢ 20
. Mecchanical efficiency Ty of the turbine and com-
pressor, each, percent . . . . . . . . . . . . . . 898.5
Pressurec ratio Di/DPz - « v v v v v e e v e e e e 3.5
“Temperature-differcence ~AT,,inwthewheat‘exchanger, v 20
Pressure loss € . . . . . . v i e i i v v 4w v e w .l 0,08
Factor AN for excess air of combustlon e e e s 1.2
Exhaust gas tcmpera vture, °¢ e e e e e+ e« s e & , 120
Radiation losscs in percent of fuel _energy,. pcrcent 3.5
Auxiliary power in Ppercent of - shaf+ B T 6
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The thermal efficlency of the complete installation
(ratio of shaft energy to fuel energy) is T = 41.6 per-~
cent. Single-stage reheating, including the effect of high-
pressure losses in the air heater, increanses the efficien-
cy to T = 46,2 percent, This would increase it to a heat
consumption of 1860 kilogram-calories per kilowatt-hour.*

DISCUSSION OF THE EXPERIMENTAL INSTALLATION

The Escher Wyss Company, 2Zurich, hasg developed and
constructed an experimental installation of mn aerodynamic
"heat power plant with closed-type cycle, which at present
is undergoing systematic investigntions (fig. 11). Al-
though the installation was designed to be applicable for
industrial power generation, ncvcrthcless n certain sepa-
ration of the individual units =nd major parts of equip-
ment hag been effected without regnrd to space require-
ments for the purpose of facilitnting the installation of
mensuring equipment. In this way the working of the cy-
ecle ean be studied in detail and tho operating perform-
snce of 211 units of the installation can be determined

numerically,

The units are designed according to established prac-
tice in order to eliminate shutdowns as much as possibdlec.

The working air is hoated by means of 01l burners and
is expandecd successively in a high-pressure turbvine ¢
and a low-pressure turbine b without intermediate re-
heating. The former drives the compressor &, which has
single~stage cooling; the latter drives directly a gener-
ator a at 3000 rpm. The plant has been in operation
many hundred hours at temperatures which arc far above
those cncountered in steam-turbine operation, and no trou-
ble was encountered. ’

Figure 12 shows the tube bundle of the heat exch angeﬂ

*Thc minimun heat consumption of a steam plant attained in
the Port Washington Station is 2750 kecal/kw-hr, cf. ac-.
cording to Karl Schrdder the minimum heat consumption of

a high-~preossure stcam plant for present-day practice is -
2500 kcal/kw-hr, cf. 499.
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Gonstruction Maferials

The installation differs 1n a few aspects from conven-
tional steam-turbine design, which will be discussed below.
These deviations were necessary on account of the diffor-
ent properties of thermal oxpansion of high-alloy stcel
which werg utilized in places where strength at high ten-
peratures was requircd. The coofficients of thermal ex-
pansions arcalmost twice as high compared with ordinary
stecls, and the thermal conductivity is considerably lecss
(roforence 13), This calls for new principles of design.
Fortunately, stéels with high strength at elevated temper-
atures have also good welding properties (reference 14).
This makes new types of construction possible.

Whereas only a few years ago an increase of working
temperature above 500° C was considered a risk in com-
pressor and turbine design (reference 15), it is possible
today, on the basis of strength and fatigue tests at high
temperature, to appraise with a high degree of accuracy
the possibility of operation at considerably higher tom-

peraturcs,.

In order not to excecd permissible limits of fatigue
strength of construction steels, the stresscs must be very
small as compared with prescnt-dsy practicc in heat-cngince
and stcam-turbinc construction. Valucs must be kept at
from.5 to 10 kilosrams per squarc millimetcr at tempcra-
tures of 650° C, and at from 2 to 5 kilograms per squarc
millimeter at approximately 750° C, for it is only within
thesge limits that the, rate of creep is low cnough to kecp
permament deformations, coven within years, below fractions
of a pcerceont, consequently,’ within safc limits.

It appears from thec investigations of this paper‘thét
the closed~type cycle, with external heating and with a
pressure of the working: medium. hlgher than atmospheric,._
offers particular advantages for low material stregses. A
particular advantage is offered bocausce o6f the uniform
heating -of tho air, which eliminates local peak tecmpera-

~tures, for instance, in the first turbinc stages. In com~

bustion turbincs with combustion chamber located imnedi-
qtoly upstream, the local temperature differences in the
flame ‘may, under certain circumstances, be high, and the
heat stresses of the material consequently much higher than
would be expected from the mean tempuratures.

For the closed process, centrifugal forces are smaller
on account of reduced dimensions of the machines; likewise,
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the stresses form internal pressures. This obviates the
.necessity of using cooled blades, rotors, or casings (ref-
erence 16) -— at least, for units that might be considered

',fat-the present stage of development. The high rate of

heat transfer on the inside of the heater tubes decreasecs
the mean wall temperature. Therefore, tube bundles can be
built with safety at the above stress figures,

It is to be noted that matoerial stresses can result
from two different sources, namely, from centrifugsl
forces and internal pressure on one hand, and from tempecrs-
turec variations on thc other hand., . The latter may disap-
pear with time if the material is stressed by them to the
limit of creep, in contrast to tho former which always ro-
main prescant. This is because the crcep occurs at the
point of temporature stress under the cffect of excessive
strosscs without necessarily lcading to fracture, since
the strength at high temperatire of alloyed steel under
short—-time stresses is several times the strength under
continuous stress. The material deforms and thereby nulli-
fies the temperature effect becausc this results in a de-
crease of stress. HRecognition ¢f these effects and previ-
ous eXxperiences in gas-turbine design has tended to elimi-
nate obJjections 1n regard to safe design and operation atb
higher temperatures (reference 1%).

High-Temperature Air Conduits

Since the process takes place at high temperatures,
radiation losses must be considered, particularly for
small loads. Figure 13 shows the design of a pipe which
hags bPeen found suitable for high-temperature and high- '
pressure gases; for instance, for line 1 (fig., 11). It
consists of a thin-walled inner tube which i1s heat-resistant
and serves merely to conduct the gas. It contains holes d
connecting with the insulating space, and thus eliminating
stresses from internal pressure. The pipe is surrounded by
an insulating space ¢ which in turn 1is placed inside of
a thick-walled tube b made of conventional material,
This outer tube takes up the pressure of the working modi-
um sincc it is protcected from temperature by the insula-~
tion, and is thereforc always at low tcemperature. Provi-
sions have becn made, of coursc, to prevent insulating
material from getting into the inner tube a. This design
should effect a considerable saving of high-quality and
expensive steel.

LI
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. It 1s proposed to preéent test results, operating ex-
periences, applications and problems of regulation in a
future publication,.

Translation by
John R. Weske and Ilse M. Jahn,
Case School of Applied Science.
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Figure 1.~ Carnot-cycle.

AB Isothermal process with

heat added
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Figs. 1,2,3

Addition of heat Qgzy during
isothermal change

Adiabatic expansion
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Figure 2.- Double isothermal cycle with heat exchange

BC and DA.
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Figure 3.- Schematic
arrangement

for the approximated

isothermal cycle

according to figure 2.
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Flgure 11. Photograph showing
the complete in-
stallation of the aerodynamic
heat power plant developed and
built by Escher Wyss Company.

Figure 13.- Tube bundle of the

heat exchanger.

78622

a
b
c
d
e
T
g
h
i
k

Figs. 11,12,13

Generator -

Low pressure turbine

High pressure turbine
Compressor

Heat exchanger

Heater for the circul-
ating air

Combustion air pre-
heater

Intercooler

Hot air conduit

Air pipe to the cooler

Figure 13.- Pipe conduit for high temperature‘gases.

Separation functions:

Conduction of the

air (inner tube a), strength against internal pressure
(outer tube b) and insulation c; d shows pressure

—equalizing holes.
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